Dynamic nuclear polarization at 1.2 K and 6.7 T allows one to achieve spin temperatures on the order of a few millikelvin, so that the high-temperature approximation (DE < kT) is violated for the nuclear Zeeman interaction DE = cB 0 h/(2pÞ of most isotopes. Provided that, after rapid dissolution and transfer to an NMR or MRI system, the hyperpolarized molecules contain at least two nuclear spins I and S with a scalar coupling J IS , the polarization of spin I (short for 'investigated') can be determined from the asymmetry A S of the multiplet of spin S (short for 'spy'), provided perturbations due to second-order (strong coupling) effects are properly taken into account. If spin S is suitably discreet and does not affect the relaxation of spin I, this provides an elegant way of measuring spin polarizations 'on the fly' in a broad range of molecules, thus obviating the need for laborious measurements of signal intensities at thermal equilibrium. The method, dubbed Spin PolarimetrY Magnetic Resonance (SPY-MR), is illustrated for various pairs of 13 C spins (I, S) in acetate and pyruvate.
Introduction
Dissolution Dynamic Nuclear Polarization (D-DNP) is a technique of choice for increasing the sensitivity of magnetic resonance by up to 5 orders of magnitude [1] . The nuclear polarization can be increased by saturating the ESR transitions of polarizing agents such as TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) at low temperatures and moderate magnetic fields (in many laboratories at T = 1.2 K and B 0 = 3.35 T). We have recently shown that the polarization of protons could be boosted to Pð 1 H) > 90% in a field of B 0 = 6.7 T, and that cross-polarization (CP) [2, 3] from 1 H to 13 C could yield unprecedented polarizations Pð 13 C) > 70% with remarkably short build-up times s CPÀDNP < 10 min [4] [5] [6] [7] . Such a 13 C polarization corresponds to a spin temperature T spin ð 13 C) < 2 mK. The DNP samples can be rapidly dissolved and transferred to an NMR or MRI system for observation, while preserving most of the polarization [7] .
One of the practical challenges of D-DNP is the accurate determination of the nuclear spin polarization Pð 13 C), or, equivalently, of the spin temperature T spin ð 13 C). This is usually done by comparing signals obtained with and without DNP at low temperature (typically 4.2 or 1.2 K) prior to dissolution, then again in the liquid state at room temperature immediately after dissolution, and finally at thermal equilibrium (TE) after complete relaxation. However, when a hyperpolarized substance is injected into a living organism, e.g., for real-time metabolic imaging [8, 9] , or more generally in any experiment where the hyperpolarized substance is diluted or undergoes irreversible biochemical transformations, the measurement of a thermal equilibrium signal can be difficult or even impossible.
It has recently been shown that in the liquid state after hyperpolarization by dissolution-DNP, the strong polarization of a nuclear spin (here noted 13 C I or simply I for 'investigated' spin) leads to an asymmetry A S of the multiplet of a neighboring spin [10] [11] [12] [13] [14] , with some restrictions that we shall discuss below, this feature can in principle be used for a broad range of homo-or heteronuclear scalar-coupled spin systems, and provides an elegant way to measure spin polarizations 'on the fly' while obviating the need for laborious measurements of signal intensities at thermal equilibrium. It is worth noticing that these observations are reminiscent of previous work related to solid samples at low temperatures [15] [16] [17] [18] in some cases enhanced by DNP [19] [20] [21] . Moreover, Donovan et al. [22] have shown that rapid heteronuclear cross-relaxation could lead to a significant transfer of magnetization. This is a case where the use of SPY-MR cannot be recommended.
In this work, we propose a simple theoretical explanation for this effect and discuss its limitations. We show that the method is reliable, provided (i) DNP leads to a uniform spin temperature in the 13 C nuclear spin reservoir in the frozen solid (which normally occurs through spin diffusion); (ii) the cross-relaxation and cross-correlation rates that describe the coupling between Zeeman polarization and two-spin order after dissolution can be neglected, a condition that is often fulfilled since cross-terms between the chemical shift anisotropy and the dipole-dipole couplings between spins I and S are typically small; (iii) that effects of second-order coupling on the intensities of multiplets (''strong coupling" or ''roof effect") are properly taken into account. We call the method Spin PolarimetrY for Magnetic Resonance (SPY-MR) and we shall illustrate it for several I; S spin pairs 13 C I , 13 C S in acetate and pyruvate.
Traditional determination of the polarization
In practice, in our polarizer operating at 6.7 T and 1.2 or 4.2 K [6, 7] the DNP build-up of Pð 13 C) can be measured by applying small nutation angle rf pulses (typically b small = 5 so as to limit perturbation of the polarization) at regular time intervals (usually Dt = 5 s). Before starting the DNP experiment, i.e., before applying the microwave field, the sample must be left for a long time t ) 5T 1 ð 13 C) at 1.2 or 4.2 K in order to let the polarization fully relax to its Boltzmann equilibrium. The resulting signal in thermal equilibrium I TE ð 13 C) can in principle be measured by applying a single rf pulse with a b = 90°nutation angle, but we prefer to perform N acquisitions at intervals Dt TE ( 5T 1 ð 13 C) with the same pulse b small to prevent calibration errors. The resulting sum of signals needs to be normalized by dividing by the factor d:
to account for the number of scans N and the increasing depletion of the polarization caused by the train of pulses, neglecting T 1 ð 13 C) relaxation in the pulse intervals. The integral of the thermal equilibrium signal at 1.2 or 4.2 K will be noted I TE ð 13 C). The thermal equilibrium polarization is determined by Boltzmann's law:
which amounts to P TE ð 13 C) = 0.143% at 6.7 T and 1.2 K, or 0.0409% at 6.7 T and 4.2 K. After the microwave field is switched on, the integral I DNP ð 13 C) of the spectrum enhanced by DNP is usually measured with a single pulse of same nutation angle b small = 5 . The enhanced polarization is obtained from the ratio:
where d is defined in Eq. (1). After dissolution, the polarization levels are usually measured in a similar way by comparing the hyperpolarized 13 C polarization P DNP ð 13 C) observed immediately after dissolution with the thermal polarization P TE ð 13 C) observed once the hyperpolarization has completely decayed to Boltzmann equilibrium. This must be done after a prolonged delay of at least t = 16T 1 ð 13 C), bearing in mind that, if one starts with an enhancement e ¼ 10 5 , the factor exp Àt=T
allows one to approach thermal equilibrium within 1%. At ambient temperature T = 300 K and B 0 = 7 T (300 MHz for protons), the Boltzmann thermal equilibrium polarization is P TE ð 13 C) = 6.02 Á 10
À6
. The thermal equilibrium signal can be measured by applying rf pulses with 90°nutation angles spaced by 5T 1 , i.e., typically every 5 min for 13 C nuclei with long T 1 . For molecules that are isotopically enriched in 13 C with concentrations in the millimolar range, 128 transients are typically needed to achieve a sufficient signal-to-noise ratio at 300 MHz without cryoprobe, which can require about 10 h. Thus the laborious observation of a reference 13 C signal to determine the thermal polarization P TE ð 13 C) can actually require more time than the dissolution experiment itself! With our equipment, measurements of P TE ð 13 C) are virtually impossible for molecules in natural abundance. . Other cases will be discussed below.
Eigenstates of a coupled two-spin system
In the general case of a pair of J-coupled spins 1/2, the familiar spin Hamiltonian in the rotating frame is
This Hamiltonian can be represented as a matrix in the Zeeman product basis {½aai½ab; i½bai; ½bbi}
where Rm ¼ m I þ m S and Dm ¼ m I À m S are the sum and difference of the Larmor frequencies of I and S in units of Hz. Note that Rm < 0 in our example where c I and c S > 0. The eigenstates of the strongly coupled two spin ''AB" system can be determined by standard methods:
where the angle h expresses the strength of the coupling and is defined by
Heteronuclear systems are always weakly coupled ðsin 2h % 0Þ in the laboratory frame since J IS ( Dm. In homonuclear systems where c I ¼ c S , the sign of h depends on the signs of J IS and of Dm. Note that Dm > 0 in our example where jm S j > jm I j. The associated eigenvalues are
Transition frequencies and amplitudes
The transition frequencies of the coupled two-spin system correspond to
where ÀRm > 0 in our example. The intensities of the four lines depend on the populations of the four levels just before the rf pulse.
If the high-temperature approximation is fulfilled for the nuclear Zeeman interaction, i.e. if kT ) DE ¼ hcB 0 , and bearing in mind that the unity operator b E does not affect the outcome of experiments, the density operator at thermal equilibrium can be written
Specifically, at T = 300 K and B 0 = 7.05 T
If one starts with populations at thermal equilibrium (or, more generally, if the high temperature approximation is fulfilled, and if the two spins I and S have a common spin temperature), the intensities of the four lines give rise to the typical ''roof effect", the inner lines having intensities a 4$2 ¼ a 2$1 that are proportional to 1 þ sin 2h ð Þ , the outer lines a 3$1 ¼ a 4$3 being proportional to 1 À sin 2h ð Þ . One the other hand, if the four populations are distributed in an arbitrary manner, in particular in hyperpolarized systems where the high temperature approximation is violated, one has to define a density operator:
where n 1 ; n 2 ; n 3 , and n 4 are the populations associated with the four eigenstates j/ 1 i, j/ 2 i, j/ 3 i, and j/ 4 i.
Signal amplitudes as a function of the populations
After a pulse with an arbitrary nutation angle b the signal amplitudes can readily be calculated [23] :
The two Zeeman polarizations and the longitudinal two-spin order term can be defined as normalized expectation values expressed as a function of the four populations n 1 ; n 2 ; n 3 , and n 4 in the eigen basis:
Or, the other way around, the four populations n 1 ; n 2 ; n 3 , and n 4 can be expressed as linear combinations of the two Zeeman polarizations and the longitudinal two-spin order term:
Hence one can describe the four signal amplitudes in Fig. 1 as a function of the two Zeeman polarizations and the longitudinal two-spin order term
Thus the signal amplitudes depend on the nutation angle b, on the parameter h that describes the strength of the coupling, and on PðI z Þ; P S z ð Þ, and P 2I z S z ð Þ.
Asymmetry of doublets
In practice, if the violation of the high temperature approximation is significant, e.g., if Pð 13 C I ) > 5%, one can experimentally observe an asymmetry A S of the doublet of the spy nucleus S coupled to the spin I under investigation, even in weakly coupled systems (h = 0), provided that a pulse with a nutation angle h -90 is used. This asymmetry can differ dramatically from the ''roof effect" usually observed at thermal equilibrium.
Even without calibration or a priori knowledge of the signal integrals (i.e., without prior measurement of the thermal equilibrium signal), the amplitude of the anti-phase component can be normalized with respect to the amplitude of the in-phase component as follows:
This normalized asymmetry can be expressed as follows by combining Eqs. (16) and (17): Two simple limits may be considered: (1) the high temperature approximation where P 2I z S z ð Þ¼0 and PðI z Þ ¼ P S z ð Þ; and (2) the limit for weak coupling when h ! 0. These cases lead to greatly simplified equations:
Keeping in mind that h is negative if J IS < 0 or Dm < 0, we shall demonstrate in the following section that under some assumptions related to the DNP process and to nuclear spin-lattice relaxation after dissolution, the measured asymmetry A s does in fact properly reflect the absolute polarization PðI z Þ.
Low temperature DNP and uniform spin temperature
In dissolution DNP, the polarization generally builds up at low temperatures (typically between 1.2 and 4.2 K) and moderate fields (often between 3.35 and 6.7 T). The characteristic time constant s DNP of the DNP build-up can range from a few minutes to hours, much longer than the time required for spin-diffusion to establish a uniform nuclear spin polarization in the sample. Unless the radicals and/or analytes have very low concentrations or have an unusual inhomogeneous distribution, the assumption of a uniform nuclear spin polarization or temperature appears fully justified.
Initial DNP polarizations
If a uniform spin temperature T spin is established in the solid state by DNP prior to dissolution, i.e., if the two spins I and S have the same spin polarizations PðI z Þ ¼ P S z ð Þ ¼ P 0 , the distribution of the populations at time t = 0 immediately after dissolution can be described by a Boltzmann distribution. If, without loss of generality, the energy of the eigenstates / 2 and / 3 are set to zero, one obtains
where
The nuclear spin polarizations generated by DNP can be expressed:
2.8. Initial asymmetry and polarization at time t = 0
Assuming that the polarization enhanced by DNP could be entirely preserved during dissolution, transfer and injection into the sample tube that is waiting in the NMR or MRI system, the initial asymmetry A S;0 would take a simple form obtained by combining Eqs. (18), (22) and (23):
which can be reorganized as follows:
Thus the polarization can be readily determined from the initial asymmetry provided the nutation angle b and the angle h that describes the strength and sign of the coupling are known.
Relaxation after dissolution
In reality, dissolution and transfer from the polarizer to the NMR or MRI magnet may take several seconds. In this interval, the sample may be exposed to a time-dependent magnetic field B 0 ðtÞ although the variations may be smoothed out by using a 'magnetic tunnel' [24] . During the transfer, the decay and partial interconversion of the two-spin order and the Zeeman terms are determined by coupled relaxation [25] :
where DhI z i; DhS z i, and Dh2I z S z i represent deviations from thermal equilibrium, q I ; q S , and q IS represent the decay rates of the two Zeeman order terms (with q I = 1/T 
As a general rule, both cross-relaxation and cross-correlation rates tend to drive the asymmetry A S towards values that may significantly differ from PðI z Þ. If these relaxation pathways can be neglected, the relaxation matrix (26) 
The conditions that must be fulfilled for this approximation to hold are:
If the conditions of Eqs. (29) and (30) are fulfilled, the asymmetry A S can faithfully reflect PðI z Þ even after dissolution, transfer, injection, and partial relaxation in the NMR or MRI magnet. These conditions hold for 13 C spin pairs, especially when relaxation is driven by intramolecular dipole-dipole interactions with nearby protons, or by external fluctuating fields which may be due to solvent, radicals, dissolved triplet oxygen, or paramagnetic impurities. Violations of these conditions need to be evaluated on a case-by-case basis.
Asymmetry after dissolution
Under the assumptions of Eqs. (29) and (30), one has q IS ¼ q I þ q S , so that after an arbitrary time t, the two-spin order polarization is given by:
And therefore the asymmetry can be written:
Again, it is worth considering two limits:
Eq. (32) can be greatly simplified without loss of generality (error below 2%) by assuming that the main parameters lie within bounds that are usually fulfilled in dissolution-DNP experiments:
(1) The two nuclear spin polarizations lie in the ranges 0:01 6 PðI z Þ j j6 0:5 and 0:01 6 P S z ð Þ j j6 0:5. In practice, the polarization lies in the range between 10% and 20% in most published studies, well above the lower limit of 0.01 (1%). On the other hand, the upper limit P S z ð Þ j j¼ 0:5 = 50% corresponds to the highest 13 C polarization that can typically be achieved.
(2) The coupling is weak, i.e., À1 6 h 6 1 , hence À0:035 6 sin 2h 6 0:035, which is indeed valid for most 13 C spin pairs in high fields. (3) The nutation angle is small, i.e., À5 6 b 6 5 , which corresponds to standard practice.
Then, if these conditions are fulfilled, the asymmetry can be approximated by the relation:
Thus the absolute nuclear spin polarization PðI z Þ of the spin I under investigation is a function of the asymmetry A S of the spy spin S and the coupling strength expressed by the angle h:
Asymmetry in arbitrary two-spin systems
In the previous equations, the asymmetry of A S was defined for a coupled two-spin system with c I > 0; c S > 0; J IS > 0, and jm S j >jm I j.
However, the definition of the asymmetry of A S can be extended to all possible cases where c I ; c S , and J IS may have arbitrary signs and where one may have jm S j < jm I j while the polarization PðI z Þ induced by DNP may be positive or negative (there are no less than 2 4 = 16 different possibilities). To be general, we will define the asymmetry A S as a function of the intensities of the high frequency (a HF ) and low frequency (a LF ) transitions of the spy spin S, regardless of its position (chemical shift de-shielded or shielded, i.e., towards higher or lower frequencies) with respect to the investigated spin I (see Fig. 2 ): 
Note that we have considered the usual coupling constant J IS rather than the ''reduced coupling constant" K IS = 4p
2 J IS /(hc I c S Þ.
Thus, PðI z Þ can be expressed as: cules provides a way of extending 13 C relaxation times in methyl groups but SPY-MR works equally well in non-deuterated molecules. The 13 C enriched sites can readily be used as spies S for the determination of the polarization of coupled sites I even if the latter are in natural abundance. However, on our spectrometer, naturally abundant 13 C sites could only be used as spies S if the sites I were enriched. In fact, despite the sensitivity enhancement provided by dissolution-DNP, no signals arising from pairs of coupled spins I and S in natural abundance could be measured with our equipment, the probability of such pairs being only about 10 À4 .
All graphs presented in Figs. 3 and 4 show marked asymmetries A S that allow one to determine the polarizations PðI z Þ of coupled spins. The experimental spectra were fitted using Matlab. The polarizations PðI z Þ were systematically deduced from the asymmetries A S and compared with the corresponding thermal equilibrium signals after complete relaxation in the traditional way described above. and [1,2-13 C 2 ]acetate-d 3 determined both by conventional comparisons of DNP enhanced spectra with their thermal equilibrium equivalents, and by SPY-MR through the asymmetries A S .
SPY-MR can provide a rapid measurement of nuclear spin polarizations; however the reliability of the method needs to be evaluated on a case-by-case basis. Table 1 clearly illustrates the fact that for doubly enriched [1,2-13 C 2 ]acetate-d 3 , the determination of the two 13 C polarizations is more accurate by SPY-MR than by a conventional comparison with thermal equilibrium measurements, even when the latter are accumulated over ca. 12 h, since the standard deviation can be improved typically by a factor 10. On the other hand, for the singly enriched [1- 13 C]pyruvate-d 3 , the use of SPY-MR is not justified for all combinations of pairs S and I. If S ¼ 13 CO and I ¼ 13 COO, the polarization of the enriched 13 COO À group can be accurately estimated to be Pð = À39.8 ± 1% (see Fig. 3a ). For all others pairs S and I, however, SPY-MR gave less accurate results than the conventional thermal equilibrium approach:
1. The polarizations could not be estimated when both S and I are in natural abundance for the 13 CO and 13 CD 3 spin pair in deuterated pyruvate because of a lack of sensitivity. On the other hand, the traditional thermal equilibrium approach provided estimates Pð 13 CO) = À30.9% and Pð 13 CD 3 ) = À22.6%, albeit with a limited accuracy of ±5%. 2. The polarizations of the naturally abundant I ¼ 13 CO and I ¼ 13 CD 3 spins could be investigated via the enriched S ¼ 13 COO À spins in deuterated pyruvate, however with a limited accuracy because of the overlap of the satellite lines with the intense central line. This overlap is less severe for I ¼ 13 CO (see Fig. 3b ), giving a reliable estimate of the polarization Pð 13 CO) = À36.2 ± 2%. However for I ¼ 13 CD 3 , this overlap is more severe (see Fig. 3c ) and it is not possible to determine the polarization Pð 13 CD 3 ). In fact, the satellite lines are hidden under the central peak, and poor shimming or phase errors have detrimental effects on the determination of the I spin polarization. 3. The polarization of the isotopically enriched I ¼ 13 COO À spins could be investigated by observing the naturally abundant S ¼ 13 CD 3 spins, despite the complex pattern arising from couplings to three deuterons (see Fig. 3d ). The estimate Pð 13 COO À ) = À33.6 ± 4% resulting from the observation the spy S ¼ 13 CD 3 is less accurate than Pð 13 COO À ) = À38.9 ± 1% that could be determined by using the spy S ¼ 13 CO. Deuterium decoupling could be used to reduce overlap.
As a general rule, even when using state-of-the-art instrumentation, SPY-MR requires at least one of the two sites I or S to be enriched. We shall distinguish between three possible scenarios: (a) when both sites are enriched, either site can be used as spy and the determination of the polarization of the other site is straightforward. (b) When only the investigated spin I is enriched, the spy spin S in natural abundance gives rise to a doublet (albeit with a nearly 200-fold reduced sensitivity) with an asymmetry A S that allows one to determine the polarization PðI z Þ, as illustrated in Fig. 3a and d. (c) When the investigated I spin is in natural abundance, the spectrum of the enriched spy S mainly features two weak satellite peaks owing to the 1.1% abundance of 13 C of the site I. If they can be resolved, their asymmetry allows one to determine the polarization PðI z Þ. However, depending on the line-widths and scalar coupling constants, the intense central peak can overlap with the satellite peaks and affect the accuracy of the SPY-MR approach. This is nicely illustrated in Fig. 3b where the satellites partly overlap with the central peak, and in Fig. 3c where the overlap is so critical that a reliable estimate of the polarization PðI z Þ is difficult. Fig. 5 shows a comparison of the hyperpolarization decay in the deuterated methyl group ( 13 CD 3 ) estimated by conventional means and by SPY-MR with the asymmetry (A s Þ of the neighboring COO À group in acetate. One can see that the asymmetry reliably reflects the absolute polarization until a certain point (t $ 50 s). After that, the two curves obviously diverge from each other. This can be attributed to small cross-relaxation and cross-correlation rates that can have a significant effect on a timescale longer than T 1 . Moreover, the asymmetry of the COO À peaks becomes increasingly difficult to determine when the signal-to-noise ratio decreases on the course of the decay. 
Dissolution-DNP experiments
Of each sample 5 drops of 10 ll were frozen in liquid nitrogen and inserted into our DNP polarizer operating at B 0 = 6.7 T and T = 1.2 K. Five frozen drops of 10 ll each containing 3 M ascorbate in D 2 O were also inserted in the polarizer in order to scavenge the radicals after dissolution [26] . DNP was performed by monochromatic microwave irradiation (P lw % 80 mW; f lw ¼ 188:3 GHzÞ and combined with long-range 1 [27] . Dissolution was performed as described elsewhere [28] in 700 ms with 5 mL D 2 O preheated to T = 400 K at 1.0 MPa. The dissolved sample was pushed by helium gas at 0.6 MPa in 3.5 s to a 7 T Bruker magnet through a 1.5 mm inner diameter polytetrafluoroethylene (PTFE) tube protected by a 0.9 T magnetic tunnel [24] leading to a home-built injector just above a 5 mm sample tube containing 250 lL of D 2 O for fieldfrequency locking in a 7.05 T magnet (300 MHz for protons). The sample was then injected in ca. 2 s. The complete sequence of dissolution, transfer, and injection takes about 6.2 s. A series of 5°p ulses were then applied to the 13 C nuclei at intervals of 5 s.
Relaxation matrix
The SPY-MR method was applied to 13 C spin pairs in hyperpolarized solutions of sodium pyruvate and acetate. Since for 13 C spin pairs the main relaxation mechanisms stem from external interactions such as those due to paramagnetic oxygen, free radicals, or other nuclei (inter-or intra-molecular dipolar interactions with other nuclear spins), Eqs. (33) and (34) are satisfied. Consider the pair of 13 C spins of the carboxyl and carbonyl nuclei in pyruvate. The relaxation matrix was determined as follows: (i) the crystal structure of sodium pyruvate was obtained from the Cambridge Structural Database, (ii) the CSA tensor was predicted with CASTEP [29] , and (iii) the relaxation was calculated using the SpinDynamica [30] code for Mathematica. Note that internal dynamics in solution may alter both the effective CSA tensors and rates. The relaxation matrix was found to be: 
Clearly, the cross-relaxation and cross-correlation rates are significantly lower than the single-quantum rates q I and q S , typically by nearly two orders of magnitude. Thus the relaxation matrix is essentially diagonal, and q IS % q I þ q S , so that Dh2I z S z i decays almost twice as fast as DhI z i and DhS z i. Therefore, the SPY-MR method can safely be applied to this 13 C spin pair. We shall assume that this is also valid for the 13 C spin pairs in sodium acetate and pyruvate.
Conclusions
We have shown that SPY-MR can provide an alternative to conventional thermal equilibrium measurements to estimate the Table 1 Absolute polarization PðIzÞ of various investigated nuclear spins I in hyperpolarized singly enriched [1- 13 C]pyruvate-d3 and in doubly enriched [1,2-13 C]acetate-d3. The polarizations were determined at B0 = 7 T (300 MHz for protons) and T = 298 K immediately after dissolution, either by a conventional comparison with the corresponding thermal equilibrium signals measured after complete relaxation, or by SPY-MR through the asymmetry of a coupled spy spin. Estimates of the uncertainties in thermal reference spectra were based on their modest signal-to-noise ratios (SNR). In the case of SPY-MR, systematic errors, due to baseline distortions, phase errors, overlapping signals, and other factors are likely to be larger than the errors resulting from noise, since the SNR is very high. The systematic errors were estimated somewhat arbitrarily to be on the order of 1%. absolute polarization of 13 C spins after dissolution DNP, provided some precautions are taken. The technique is simple and accurate and obviates the need for recording a reference signal at thermal equilibrium, which requires laborious measurements that can typically last about 12 h. SPY-MR is in principle applicable to a broad variety of coupled nuclear spin systems. We have in this article considered homonuclear examples where the spy spin S and the spin I under investigation were both 13 C spins, but heteronuclear cases, say when an isolated 1 H is used as spy S while a 13 C spin I is investigated, could also be addressed. Finally SPY-MR could also be used as a means of unambiguously measuring the absolute sign of the coupling constant J IS by inspection of the multiplet asymmetry.
